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  NR  nitrate reductase 
  RGR  relative growth rate 
ROL  radial oxygen loss 
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Chapter 1 
General introduction 
 
1.1 Aeration capacity of wetland plants 
 Waterlogged soils are generally unsuitable for plant growth due to a remarkable 
shortage of the oxygen available for roots (Ponnampertuma 1984). Wetland plants have some 
aeration systems which function via the well-developed aerenchyma to transfer oxygen from the 
atmosphere to roots. The aeration systems strongly support respiratory activity of roots 
(Armstrong and Armstrong 1988; Brix et al. 1992) and simultaneously contribute to 
detoxification of anaerobic phytotoxins in soils through the rhizosphere oxidation due to radial 
oxygen loss (ROL) from roots (Brix et al. 1992; Connell et al. 1999).  The wetland plants aerate 
to roots and rhizosphere by the two physicochemical processes: diffusive and convective 
gas-flow, which have been recognized the most important systems for wetland plants to adapt 
hypoxic soils (Armstrong 1979; Brix 1994; Grosse et al. 1996). 
 The diffusive gas-flow is a passive molecular transport phenomenon driven by the 
gradient of oxygen concentration between basal stems and underground organs. Convective 
gas-flow is venturi- and humidity-induced pressurized mass-flow from living shoots into 
underground organs driven by the gradient of total air pressure (Armstrong et al. 1992, 1996; 
Bendix et al. 1994). Plant species with the convective gas-flow mechanism are generally thought 
to adapt to deeper water and more reduced soils than those relying only on the diffusive gas-flow 
mechanism (Brix et al. 1992; Brix 1994; Tornbjerg et al. 1994) because convective gas-flow 
raises the oxygen concentration considerably in the shoot-root junction and thereby supplies a 
much greater flux of oxygen into roots and rhizosphere than that are achieved if the aeration 
process is by diffusive gas-flow alone (Armstrong and Armstrong 1991). 
 However, several plant species possessing no convective gas-flow mechanism also 
dominate in hypoxic soils (Grosse 1996). An emergent plant species relying only the diffusive 
gas-flow mechanism, Zizania latifolia (Griseb.) Stapf., is commonly distributed in reduced soils 
that are co-dominated by other plants species possessing convective gas-flow such as Phragmites 
australis (Cav.) Trin. ex Steud. and Typha angustifolia L. (Yamasaki 1987; Asaeda et al. 2005). 
In a floating-leaved plant zone, Eichhornia crassipes (Mart.) Solms. and Trapa japonica Flerov. 
with diffusive gas-flow mechanism are distributed in deep water and reduced soils where plants 
possessing convective gas-flow mechanism such as several species of Nymphaea and 
Nymphoides (Grosse 1996) also dominate. This fact strongly suggests that the adaptation 
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mechanism to hypoxic conditions should not be discussed fully in terms of only the aeration 
capacity, on which a number of studies have been made in various wetland plants (i.e., Brix 
1994; Grosse 1996; Sorrell et al. 2000). Therefore, I assessed root oxygen consumption by 
mainly the root respiration, on which has been given little attention.  
 
1.2 N acquisition strategies of wetland plants 
1.2.1 N source: A large amount of energy produced by the root respiration is involved in the N 
uptake process in terrestrial plants (Poorter et al. 1991). Therefore, the root respiration 
concerning with N uptake is likely to be of much importance for efficient root oxygen use in 
wetland plants. The root respiration required for the N uptake process could varies greatly 
depending on N source and assimilation organs (Taiz and Zeiger 2006). Wetland plants highly 
adapt themselves to NH4+ that commonly exists as dominant inorganic N in hypoxic soils (Lee 
and Stewart 1978; Sasakawa and Yamamoto 1978; Falkengren-Grerup 1995; Wang et al. 1993a; 
Wang et al. 1993b). The high uptake capacity and the affinity for NH4+ compared to NO3- have 
been shown in Glyceria maxima (Hartm.) Holmb. and P. australis (Tylova-Munzarova et al. 
2005). However, since nitrification occurs in rhizosphere containing active-ROL plant species 
(Engelaar et al. 1991; Armstrong et al. 1992; Both et al. 1992), their roots must access NO3- and 
can use NO3- as N source. Uptake and assimilation of NH4+ generally require lesser respiration 
than those of NO3- even though most of NH4+ must be assimilated immediately at roots to avoid 
toxicity by accumulation (Salsac et al. 1987; Mehrer and Mohr 1989; Taiz and Zeiger 2006). 
Meanwhile, NO3- is assimilated also at above-ground parts (Lorenz 1978; Andrews 1986; Taiz 
and Zeiger 2006), which would reduce the root respiration. Thus, the adaptation of NH4+ use of 
wetland plants should be explained also in terms of root oxygen use efficiency for N acquisition 
in relation to the root respiration. 
 
1.2.2 The root development and the N uptake activity: The root respiration energy should be 
optimally allocated to root growth and N uptake and the plant should regulate the root 
development and high N uptake activity of roots to acquire a large amount of N (Van Der Werf et 
al. 1988; Poorter et al. 1991; Taiz and Zeiger 2006). The root development will increase the root 
oxygen consumption due to the increase in the respiration for root growth and root maintenance 
(Van Der Werf et al. 1988; Poorter et al. 1991) and presumably increases ROL in wetland plants. 
Thus, the root development would be a disadvantage for wetland plants growing in hypoxic soils. 
Plant species with low aeration capacity may need to up-regulate the N uptake activity of roots 
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without the root development. In contrast, species with high aeration capacity may develop their 
roots for N acquisition without up-regulating the N uptake ability. I expect that wetland plants 
have specific strategies of the root growth and the N nutrition to consume oxygen efficiently in 
roots and their strategies will be determined by their aeration capacity.  
 
1.3 Wetland plants with different aeration capacity 
 Phragmites australis and Zizania latifolia are representative aquatic macrophytes that 
are commonly distributed in hypoxic soils along fringes of fresh water in Eastern Asia (Li et al. 
2010). However, P. australis possesses high aeration capacity by convective and diffusive 
gas-flow mechanisms (Armstrong and Armstrong 1988; 1991) compared to Z. latifolia with the 
duffusive gas-flow mechanism (Tsuchiya, unpublished). In Japan, both species show a clear 
zonation in response to water depth and exposure. P. australis occupies shallower and more 
slowly flowing water than Z. latifolia (Yamasaki and Tange 1981; Asaeda et al. 2005) in spite of 
possessing high aeration capacity. They are both capable of growing robustly and absorbing a 
considerable amount of N despite the hypoxic soil condition.  
 
1.4 Scope of the study 
 This study was made in order to clarify the mechanism of hypoxic tolerance based on 
N acquisition strategies (i.e., the preference of N source, the N uptake ability of roots and the 
root development) of wetland plants. In Chapter 2, I examined whether the NH4+ nutrition is 
advantageous in efficient oxygen consumption of wetland plant roots growing in hypoxic soils. 
The growth, N nutrition and root respiration in P. australis with different N sources were 
investigated. In Chapter 3, I compared the root development and nitrogen uptake activity of P. 
australis and Z. latifolia grown under similar conditions of Chapter 2. I emphasized N 
acquisition strategies of wetland plants possessing contrasting aeration capacity on the basis of 
efficient root oxygen consumption. In Chapter 4, I evaluated assimilation capacity of inorganic N 
of both species in reduced soils, measuring activities of glutamine synthetase and nitrate 
reductase as indicators of N availability. Finally, I discussed hypoxic tolerance of wetland plants 
relating with the N acquisition strategies and root oxygen consumption in Chapter 5. 
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Chapter 2  
Advantages of NH4+ on growth, nitrogen uptake and root respiration of Phragmites 
australis 
 
2.1 Introduction 
 Waterlogged soils are generally not suitable for plant growth due to remarkable 
shortage of the oxygen available for the roots, and therefore, aquatic macrophytes must exhibit 
hypoxia tolerance in hypoxic soil conditions (Ponnampertuma 1984). Hypoxia tolerance is 
brought about by oxygen supply systems that function via the aerenchyma to transfer oxygen 
from the atmosphere to the roots. This system mainly supports root respiration (Sorrell and 
Dromgoole 1987; Armstrong and Armstrong 1991; Brix et al. 1992) , and subsequently results in 
the transport of oxygen from the root tips to the hypoxic soils; this is called radial oxygen loss 
(ROL), which prevents the accumulation of phytotoxic compounds in the roots (Armstrong 
1967; 1979; Jones and Etherington 1970; Ottow et al. 1982; Laan et al. 1989). In addition to this 
oxygen supply system, efficient oxygen consumption in roots also appears to be very important 
for acquisition of hypoxia tolerance. Although efficient oxygen consumption in roots seems to be 
mainly achieved by economical root respiration, little is known about the details of oxygen 
consumption due to root respiration. 
 The respiratory energy in roots is generally used for nutrient uptake, root growth, and 
maintenance of root biomass (Penning De Vries 1975; Clarkson 1985), and in terrestrial plant 
species, the greater part of this energy is consumed for nutrient uptake (Poorter et al. 1991). 
Furthermore, the root respiration energy required for nutrient uptake could vary greatly 
depending on the source of N and the assimilation organs. The energy cost for the uptake of 
NH4+ is more costless than that for the uptake of NO3- (Salsac et al. 1987; Cannell and Thornley 
2000; Britto and Kronzucker 2006) moreover, NH4+ assimilation requires lesser energy than 
NO3- assimilation because NH4+ assimilation does not require reduction processes, which are 
required in NO3- assimilation (Taiz and Zeiger 2006). Most of the NH4+ that is taken up is 
probably assimilated at the roots immediately because the accumulation of free NH4+ in plants is 
toxic (Arnozis and Barneix 1989; Mehrer and Mohr 1989). In contrast, it is also possible that 
NO3- assimilation takes place in the above-ground plant parts, after it is transported from roots 
(Lorenz 1978; Andrews 1986), which would contribute to a decrease in the energy required for 
assimilation in roots. Therefore, although the energy costs for uptake and assimilation are greater 
in the case of NO3-, the energy consumption at roots would not necessarily be higher for NO3- 
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than for NH4+.  
 In hypoxic soils, NH4+ commonly exists as dominant inorganic N, and the amount of 
NO3- decreases rapidly as we go deeper (Andersen and Hansen 1982). However, in rhizosphere 
containing active ROL species, part of the NO3- was reportedly produced by the oxidization of 
the hypoxic soils (Hansen and Andersen 1981; Thursby and Harlin 1984; Both et al. 1992). From 
these reports, I think that wetland plant species having oxygen supply systems are able to use 
both N sources even when they grow in waterlogged hypoxic soils. However, most of these 
species such as rice and Carex are highly adapted to NH4+ nutrition (Lee and Stewart 1978; 
Sasakawa and Yamamoto 1978; Wang et al. 1993a; Wang et al. 1993b; Falkengren-Grerup 1995). 
Therefore, it is expected that NH4+ nutrition for aquatic macrophytes have certain advantages 
with regard to adaptation to hypoxic conditions through efficient oxygen consumption in roots, 
though the rationale for these relationships has not been confirmed. 
  I focused on the root respiration traits of macrophytes grown under conditions with 
different N sources, NH4+ and NO3-. Phragmites australis (Cav.) Trin. ex Steud., a typical 
macrophyte species having oxygen supply systems, is capable of growing robustly and absorbing 
considerable amounts of N despite the hypoxic soil conditions (Yamasaki 1984; Armstrong and 
Armstrong 1988; Brix 1988; Weisner 1988), which suggests that the roots show efficient oxygen 
consumption. Accordingly, in this study, I investigated the differences in growth, N nutrition, and 
root respiration in P. australis grown under conditions with different N sources and evaluated the 
advantages of NH4+ nutrition in relation to adaptation to hypoxic soil conditions.  
 
 
 
2.2 Materials and methods 
2.2.1 Plant material and growth experiment 
 Seeds of P. australis were sown on vermiculite and germinated in the dark at 
approximately 20 °C. These seedlings were cultivated for about 1 month in the laboratory under 
a light with a photosynthetic photon flux density of 200 µmol m-2 s-1 and a photoperiod of 10 h. 
Seedlings with a shoot height of about 5 cm were transferred to the hydroponics system of a 
greenhouse on September 5, 2007. Three plastic containers (45 × 55 × 30 cm) each for the NO3- 
and NH4+ treatments were prepared. Five plants were planted in each container filled with 70 L 
of a modified culture solution of the one reported by Lorenzen et al (2001). The culture solution 
was aerated during the hydroponics period. The same N concentration, i.e. 180 µM, was used for 
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both the treatments, but the source of N was different: (NH4)2SO4 and KNO3 for the NH4+ 
treatment and NO3- treatment, respectively. Every 2 days during the hydroponics culture, the 
concentrations of NH4+ and NO3- were measured by colorimetry using the indophenol method 
and the hydrazine sulphate reduction method, and the pH of the solutions was adjusted to 6.5 by 
using HCl and NaOH. The nutrient solution was renewed at 2-week intervals, when the N 
concentration reached below 50 µM in both the treatments, or when the NO3- concentration was 
over 7 µM in the NH4+ treatment due to microbial activity. During the experiment, the mean 
culture temperature and photoperiod were 22 °C and 10 h, respectively. 
 The hydroponics culture consisted of 3 experimental periods, namely, 0–22 d, 22–42 d, 
and 42–60 d from the start of the culture. On the first day in each period, fresh weights of the 5 
plants in each treatment were measured, and on the last day of each period these plants were 
harvested. Apart from these plants, a total of 5 additional plants were harvested just before the 
start of the hydroponics culture in order to obtain initial data on the plants. All harvested plants 
were gently washed with ion-exchange water, and their shoots and roots were separated for 
weighing and/or analyzing root respiration. In order to determine the dry weights and shoot/root 
(S/R) ratios, all the shoots and roots were dried for 48 h at 80 °C after measuring the fresh 
weights. The fresh weights measured on the first day of the first experimental period were 
converted into the dry weights of the shoots and roots using the fresh weight/dry weight ratio and 
the shoot/root ratio of the plants harvested before the start of the culture. For the second and third 
experimental periods, the fresh-weight-to-dry weight conversions were performed using the 
ratios of the plants from the same treatment group that were harvested on the last day of the 
previous experimental period. 
 
2.2.2 Root respiration 
 On the last day of each experimental period, respiration of the detached roots was 
determined as the decrease in oxygen concentration in an airtight glass vessel containing the 
aerated culture solution buffered with 20 mM HEPES at pH 6.5. Depending on the size of roots, 
20–100-ml glass vessels were used. The oxygen concentration of the culture solution in the glass 
vessel was measured with an oxygen electrode (HQ40d18; Hach, Co., Loveland, CO, USA). The 
measurement temperature was the mean value of the culture temperature during each 
experimental period: 0–22 d, 26 °C; 22–42 d, 20 °C; and 42–60 d, 18 °C. 
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2.2.3 Total N content 
 After their dry weights were measured, the roots and shoots were finely milled, and the 
N concentration was determined using a CN analyzer (SUMIGRAPH NC-90A; Sumika Analysis 
Center Co., Tokyo). The N content of a whole plant on the first day of each experimental period 
was estimated from the converted dry weight and N concentration of plants from the same 
treatment group that were harvested on the same day. 
 
2.2.4 Relative growth rate and net N uptake rate 
 The relative growth rate (RGR) of roots (RGRroot; g g-1 root DW d-1) in each 
experimental period (Δt, d) was calculated by the following equation (Hunt 1982):  
RGRroot   lnWroott  (1) 
where Wroot is the dry weight of a root on the first day or the last day of each experimental period. 
The RGR of a whole plant (RGRtotal) and a shoot (RGRshoot) were obtained from the total dry 
weight and dry weight of a shoot by using a similar equation.  
 The net N uptake rate (NNUR) per unit dry weight of the roots (mol N g-1 root DW d-1) 
in each experimental period was calculated from the following equation (White 1972):  
NNUR  Nt 
 lnWroot
Wroot  RGRroot 
N
Wroot  (2) 
where N is the total amount of N in the whole plant on the first day or the last day of each 
experimental period. 
 
2.2.5 Statistical analyses 
 Differences between the culture treatments with regard to growth, respiration, and 
nutrition were examined by two-way repeated measures analysis of variance (ANOVA) along the 
experimental periods. In each parameter, significant differences among the experimental periods 
in each culture treatment were determined by Scheffe’s multiple-comparison test. Because 
NNUR depends on the root respiration rate, I used analysis of covariance (ANCOVA) to test the 
significance of the differences in the NNUR between the 2 treatments, by including the root 
respiration rate as a covariate. These analyses were performed with Statistica for Windows 
(Version 5.1; Statsoft, USA.). 
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2.3 Results 
2.3.1 Growth, NNUR, and root respiration rate 
 In both N treatments, RGRtotal and RGRshoot were found to decrease as the experimental 
period progressed. Throughout the hydroponics period, the RGRtotal and RGRshoot were 
significantly greater for plants grown in the NH4+ treatment than for plants grown in the NO3- 
treatment, while there was no difference in RGRroot between both the N treatments (Table 2.1). 
Thus, the S/R ratio was significantly greater for plants grown in the NH4+ treatment than for 
those in the NO3- treatment.  
 The NNURs of plants grown in the NH4+ treatment were higher than those in the NO3- 
treatment (Table 2.1). In both N treatments, the NNURs decreased as the experimental period 
progressed. 
 Throughout the hydroponics culture period, the root respiration rate of plants grown in 
the NH4+ treatment was significantly higher than that in the NO3- treatment (Table 2.1). In both 
N treatments, the root respiration rate decreased as the experimental period progressed. 
Accordingly, provision of NH4+ nutrition for P. australis led to the higher values of all the 
parameters except for the root growth rate. 
 
2.3.2 Variation in NNUR and growth in relation to the root respiration rate 
 The root respiration rate and NNUR were found to be positively correlated in both 
treatments (Fig. 2.1). The regression line of NNUR to the root respiration rate in the NH4+ 
treatment was significantly higher than that in the NO3- treatment (P < 0.01, ANCOVA). Thus, 
the NNUR of the plants in the NH4+ treatment was constantly higher when the root respiration 
rates in both N treatments were at similar levels. Although RGRshoot was positively correlated 
with the root respiration rates in both N treatments (Fig. 2.2a), RGRroot showed no correlation 
with the root respiration rates (Fig. 2.2b). In Fig. 2.2a, ANCOVA was not conducted, because the 
slopes were significantly different between two regression lines. 
 The variation in shoot dry weight in relation with the whole-root respiration rate in 
both N treatments showed rather similar tendencies (Fig. 2.3). 
 S/R ratio and the NNUR of both N treatments showed a positive correlation (Fig. 2.4). 
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2.4 Discussion 
2.4.1 N nutrition 
 The obviously higher NNUR of plants grown in the NH4+ treatment (Table 2.1) 
indicates that P. australis is a typical species that shows NH4+ preference. This characteristic is 
agreement with that reported in some previous studies in which the maximum instantaneous 
uptake rate (Vmax) of NH4+ in P. australis was much higher than that of NO3- (Tylova-Munzarova 
et al. 2005; Munzarova et al. 2006). In general, the enzyme expressions associated with N 
assimilation is influenced by N nutrition (Lam et al. 1996; Sivasankar 1996). In P. australis, 
there is high expression of the enzymes required for NO3- assimilation (Munzarova et al. 2006). 
Thus, the difference in the NNURs between the 2 treatments may have occurred before 
assimilation, such as in the phase in which ions are taken up by the roots or in which ions are 
transported from the roots to the shoots. 
 
2.4.2 Growth 
 Throughout the cultivation period, RGRshoot and RGRtotal of the plants grown in the 
NH4+ treatment were significantly higher than those of the plants grown in the NO3- treatment 
(Table 2.1). These results, which were probably brought about by the difference in NNUR, 
proved clearly that NH4+ nutrition confers growth advantages on P. australis. Additionally, the 
higher RGRshoot observed in the NH4+ treatment consequently resulted in the higher S/R ratio of 
the plants grown in this treatment (Table 2.1). 
 In general, the S/R ratio reflects the growth pattern that is adopted in order to 
compensate for insufficient uptake of resources, such as light for the above-ground parts and 
nutrients for the below-ground parts (Wilson 1988). In P. australis, therefore, this low ratio in the 
NO3- treatment plants indicates that the size of roots increased in order to facilitate N acquisition 
due to the lower NNUR; in the NH4+ treatment plants, the high S/R ratio indicates that the size of 
the shoots increased in order to facilitate light acquisition due to the higher NNUR (Fig. 2.4).  
 For aquatic macrophytes growing in hypoxic soils, oxygen supply to roots entirely 
depends on the aeration via stomatal pores on the leaf sheaths and culm nodes of living plants 
(Yamasaki 1984; Armstrong and Armstrong 1991; Brix et al. 1992). Large robust leafy shoots 
produce higher oxygen supply than smaller specimens because of the greater area of leaf sheaths 
and hence of stomatal tissue in the larger plants for the entry of gases (Armstrong and Armstrong 
1990). Thus, with respect to the adaptation to hypoxic soils, the growth characteristics of shoots 
and roots of aquatic macrohytes can be interpreted as follows: shoot development contributes to 
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sufficient oxygen supply to the roots, whereas root development results in inefficient oxygen use 
because roots require large quantities of oxygen. Thus, the higher S/R ratio observed with NH4+ 
treatment means an obviously adaptive form for aquatic macrophytes growing in hypoxic soils. 
Further, the lower S/R ratio observed with NO3- treatment probably implies the decrease of 
oxygen availability in the roots because oxygen consumption by the whole roots increased under 
insufficient oxygen supply. 
 
2.4.3 Relationship between root respiration, N nutrition, and growth 
 The respiration rate per root weight declined with age in both treatments (Table 2.1), 
which is agreed with previous report that the demand for ATP associated with the growth rate 
and the cytochrome pathway activity are decreased with age (Amthor, 1989; Atkin and Cummins 
1994; Millar et al. 1998). In plants grown in the NH4+ treatment, the root respiration rate was 
higher than that in the plants grown in the NO3- treatment (Table 2.1). This is mainly attributed to 
the differences in the NNUR between the treatments, because a large part of the energy released 
through the oxygen consumption by the roots is used for nutrition (Poorter et al. 1991). 
Moreover, there are some factors that cannot be ignored: the first is exclusive assimilation of 
NH4+ by the roots in order to immediately avoid NH4+ toxicity (Arnozis and Barneix 1989; 
Schortemeyer et al. 1997), and the second is an increase in oxygen consumption owing to 
activation of an alternative pathway that is involved in NH4+ assimilation in the roots (Barneix et 
al. 1984). The higher respiration rate per root weight in the plants grown in the NH4+ treatment 
(Table 2.1) seems to be disadvantageous for oxygen consumption in the roots. However, the 
whole-root respiration rate per shoot biomass was similar between plants grown under the NH4+ 
treatment and those grown under the NO3- treatment (Fig. 2.3) because the difference in 
respiration rate per root weight was offset by the difference in the S/R ratio. Thus, if the shoot 
biomass is the same in both treatments, oxygen consumption by whole roots will be identical in 
each treatment. 
 In common terrestrial species, the root respiration rate is positively correlated with the 
RGR of both roots and aboveground plant parts (Van Der Werf et al. 1988; Kurimoto et al. 2004). 
In this study on the aquatic macrophyte, RGRshoot was found to be closely correlated with the 
root respiration rate in each treatment, whereas RGRroot showed no correlation with the root 
respiration rate (Fig. 2.2). Therefore, root growth tended to be suppressed, even if shoot growth 
was increased by higher root respiration rate resulting active nutrition. These growth 
characteristics of P. australis may be specific to aquatic macrophytes, as discussed in the 
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previous section. The suppression of root growth seems to decrease the efficiently oxygen 
consumption for root growth, maintenance of root biomass and ROL, and consequently the 
oxygen availability for nutrition of roots might be maintained such that it is sufficient even in 
hypoxic soils. These considerations are supported by the important findings in this study that the 
NNUR per root respiration rate was clearly higher for plants grown under the NH4+ conditions 
with a higher S/R ratio (Fig. 2.1, Table 2.1). 
 In conclusion, the suppression of root growth, which is reflected by the higher S/R 
ratio, enables P. australis to use oxygen efficiently for N nutrition through repression of 
whole-root oxygen consumption, which is consequently achieved under the condition of higher 
NNUR owing to NH4+ nutrition. Therefore, it seems reasonable to suppose that NH4+ nutrition 
for aquatic macrophytes is an advantageous factor that leads to both sufficient N nutrition and 
efficient oxygen consumption in hypoxic soils. 
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Table 2.1. Mean and standard error (n = 5) of the relative growth rate of whole plants (RGRtotal), 
relative growth rate of the shoot (RGRshoot), relative growth rate of the root (RGRroot), the shoot 
to root ratio in dry weight (S/R ratio), net N uptake rate (NNUR), and root respiration rate for 
each experimental period in both N treatments (NH4+ and NO3-). 
P-values obtained on conducting two-way repeated measures ANOVA for variables. Different 
superscripts indicate significant differences among the experimental periods for each culture. 
Numbers in bold indicate P-values < 0.05. 
 
 
 
Nitrogen treatment
Experimental period Treatment Interaction
RGRtotal a a a a b
RGRshoot a a b a a a
RGRroot a a a a a a
a b a a b
S/R  ratio 4.89 ± 0.68 4.06 ± 0.41 2.15 ± 0.51 2.77 ± 0.57 2.96 ± 0.47 1.30 ± 0.10 0.010 0.050 0.490
NNUR a a b a b
a b a b
0.215 0.194 0.07819.0 4.1 30.8 6.43.3 39.5 4.2 1.1
0.045
± ± ± ± ± ±34.4 5.7 24.0
Source of variance
± ± ±
1.4 0.038 0.016 0.168± ±
37.0 2.5± 18.4
±
1.6 16.8 4.6± 6.4
5.6 26.9 17.5 3.9
0.0170.044
± 37.5
15.7 4.7
± 2.8 23.3
28.0
0.05 0.06 0.03±
ab
0.22 0.06 0.29 0.01 0.402 0.009 0.468
± ± ±
± ± ±0.20
1.742.90 0.34±
ab
1.25 0.024 0.5610.40 0.1150.23 2.61 0.22
Experimental period  (day)
1.3
NH4+ NO3-
0-22 22-42 42-60 0-22 22-42 42-60
ab
14.8 ± 4.7
(mg g-1 total DW day-1)
40.4 ± 1.3
 (mg g-1 shoot DW day-1)
38.6
 (mg g-1 root DW day-1)
ab
0.56 ± 0.03 0.53 ± 0.04
(mmol N g-1 root DW day-1)
26.4
Root respiration rate 3.07 ± 0.56
(mmol O2 g-1 root DW day-1)
ab
0.67 ± 0.06
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Root respiration rate per unit root weight 
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Fig. 2.1. Relationship between the root respiration rate and the net N uptake rate 
(NNUR) in both N treatments; solid circles for NH4+ and open circles for NO3-. 
The plots and the error bars in the figure denote the mean values and the 
standard errors in each experimental period (see Table 2.1). The equations for 
linear regressions for NH4+ treatment and NO3- treatment are y = 0.14x + 0.11 
(R2 = 0.73, P < 0.05, n = 15) and y = 0.09x + 0.06 (R2 = 0.76, P < 0.05, n = 15), 
respectively. 
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Fig. 2.2. Relationship between root respiration rate and the relative growth 
rate of the shoot (RGRshoot) (a), and the relative growth rate of the root 
(RGRroot) (b) in both N treatments; solid circles for NH4+ and open circles 
for NO3-. The plots and the error bars in the figure denote the mean values 
and the standard errors in each experimental period (see Table 2.1). In (a), 
the equations for linear regressions for NH4+ treatment and NO3- treatment 
are y = 11.61x + 3.41 (R2 = 0.62, P < 0.05, n = 15) and y = 7.44 x + 8.01 
(R2 = 0.57, P < 0.05, n = 15), respectively. 
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Fig. 2.3. The variation in shoot dry weight in relation with the 
whole-root respiration rate in the plants grown under the NH4+ 
treatment (solid circles) and NO3- treatment (open circles) (n = 
15). The equations for linear regressions is y = 1.72x (R2 = 0.93, 
P < 0.0001, n = 30). 
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Fig. 2.4. Relationship between the net N uptake rate (NNUR) and S/R 
ratio in both N treatments; solid circles for NH4+ and open circles for 
NO3-. The equations for linear regressions is y = 8.97x (R2 = 0.74, P < 
0.0001, n = 30). 
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Chapter 3 
Nitrogen acquisition strategies of aquatic macrophytes with different aeration mechanisms, 
Pharagmites australis and Zizania latifolia 
 
3.1 Introduction 
 Oxygen is one of the most important factors to limit the distribution of wetland plants 
growing in hypoxic soils (Armstrong 1979; Yamasaki 1984; 1987). Wetland plants have 
extensive aerenchyma to transport atmospheric oxygen thorough shoots to roots (Armstrong 
1979; Armstrong et al. 1992; Brix 1994). The aeration system strongly supports respiration 
activity of roots and simultaneously contributes to detoxification of anaerobic phytotoxins in 
soils through the rhizosphere oxidation due to radial oxygen loss (ROL) from roots (Jones and 
Etherington 1970; Connell et al. 1999).  
 The aeration to roots and rhizosphere is brought about by the following two 
physicochemical processes, i.e., diffusive and convective gas-flow. Diffusive gas-flow is passive 
molecular transport phenomenon driven by the gradient of oxygen concentration between basal 
stem and underground organs. Convective gas-flow is venturi- and humidity-induced pressurized 
mass-flow from living shoots into underground organs by the gradient of total air pressure 
(Armstrong and Armstrong 1991; Brix et al. 1992). The convective gas-flow raises oxygen 
concentration in the shoot-root junction, and thereby causing much greater flux of oxygen into 
roots and rhizosphere than that are achieved if the aeration process is by diffusive gas-flow 
mechanism alone (Armstrong and Armstrong 1991; Armstrong et al. 1992). Thus, plant species 
with the convective gas-flow mechanism are generally thought to adapt to deeper water and 
more reduced soils than species relying only on the diffusive gas-flow mechanism (Armstrong 
and Armstrong 1991; Brix et al. 1992; Brix 1994; Tornbjerg et al. 1994; Sorrell et al. 2000). 
However, Zizania latifolia (Griseb.) Stapf., a macrophyte species depending only on the 
diffusive gas-flow mechanism, is commonly distributed under permanently reduced soils that are 
co-dominated by other large emergent plants (Yamasaki 1987) possessing powerful convective 
gas-flow, such as Phragmites australis (Cav.) Trin. ex Steud. In floating-leaved plants, Trapa 
japonica Flerov. and Eichhornia crassipes (Mart.) Solms. with only on the diffusive gas-flow 
mechanism are distributed into hypoxic soils in deep lakes and stagnant pools where plant 
possessing the convective gas-flow mechanism such as several species of Nymphaea and 
Nymphoides also dominate (Jedicke et al. 1989; Grosse 1996). These facts imply that the 
adaptation mechanism to hypoxic conditions should not be discussed in terms of only aeration 
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capacity.  
 In order to adapt to hypoxic soils, it is necessary for the plants to supply the oxygen 
that roots demand at least (Teal and Kanwisher 1966). Thus, the decreasing oxygen consumption 
and/or the efficient oxygen use in roots must contribute to the tolerance for hypoxic conditions as 
well as increasing aeration capacity. Although a large number of studies have been made on the 
aeration mechanisms in various wetland plants (Brix 1994; Armstrong et al. 1996; Sorrell et al. 
2000), little attention has been given to the oxygen consumption traits by the root respiration.  
 Poorter et al. (1991) reported that much of the root respiration in terrestrial plant 
species is involved in the N uptake process. The root respiration required for N uptake could 
vary greatly depending on the N form and assimilation organs (Taiz and Zeiger 2006). In 
hypoxic soils, NH4+ commonly exists as dominant N source (Falkengren-Grerup 1995; Wang et 
al. 1993a; Wang et al. 1993b) though active ROL from roots enable wetland plants to use NO3- 
through oxidization of the rhizosphere (Thursby and Harlin 1984; Both et al. 1992). Uptake and 
assimilation of NH4+ require lesser respiration than those of NO3- even though most of the NH4+ 
must be assimilated immediately at roots unlike NO3- that is capable of assimilation at 
aboveground parts (Andrews 1986; Salsac et al. 1987; Mehrer and Mohr 1989; Cannell and 
Thornley 2000). Therefore, in wetland plants, the N uptake process will influence considerably 
oxygen use efficiency of roots.  
 Development of roots would greatly increase the root oxygen consumption because of 
the increased respiration for the root growth and maintenance (Van Der Werf et al. 1988; Poorter 
et al. 1991) and will also increase ROL. Thus, in wetland plants growing under hypoxic soils, the 
root development for nutrients acquisition would bring about a high risk of oxygen shortage in 
roots (Chapter 2). Wetland plants must inevitably suppress the root growth and/or increase the 
nutrient uptake rate per unit root mass as the available oxygen in roots is limited. Thus, wetland 
plants will have specific strategies of the root growth and the N acquisition for efficient oxygen 
consumption in roots and their strategies will be determined by aeration capacity. 
 I focused on the root oxygen consumption through the root growth and the N 
acquisition in wetland plants having quite different aeration capacity and aimed to evaluate their 
adaptation mechanisms to hypoxic soils. P. australis and Z. latifolia are macrophyte species that 
are commonly distributed in a habitat in hypoxic soils along fringes of fresh water in Eastern 
Asia (Li et al. 2010) and the former have the powerful convective and diffusive gas-flow 
(Armstrong and Armstrong 1991; Brix 1994) and the latter depending only on the diffusive 
gas-flow mechanism as the aeration system (Tsuchiya unpublished). Both species are capable of 
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growing robustly and absorbing much N in spite of the hypoxic condition. P. australis is able to 
use NO3- (Erdei et al. 2001; Munzarova et al. 2006) and NH4+ (Chapter 2), whereas NO3- and 
NH4+ use of Z. latifolia is still unknown. I examined, therefore, the differences in growth, N 
nutrition and root respiration of both species grown under different N sources (NH4+ / NO3-), and 
discussed the strategic root growth and N acquisition for hypoxic tolerance on the basis of root 
oxygen consumption traits and aeration capacity. 
 
 
 
3.1 Material and methods 
3.2.1 Plants material and growth experiment 
 Seeds of P. australis and Z. latifolia were collected in Yubari, Hokkaido in 2003 and 
Mizumoto, Tokyo in 2007, respectively. Seeds of Z. latifolia were kept moist at 3 °C for three 
months before germination. Seeds of both species were sown on vermiculite and germinated in 
the dark at approximately 20 °C. These seedlings were cultivated for about 1 month in the 
laboratory under a light with a photosynthetic photon flux density of 200 µmol m-2 s-1 and a 
photoperiod of 10 h. Seedlings with a shoot height of about 5 cm were transferred to the 
hydroponics system of a greenhouse on September 14, 2008, and were cultured for 45 days. 
 Two plastic containers (38 × 30 × 30 cm) each for the NO3- and NH4+ treatments were 
prepared for each species. Seven plants were planted in each container filled with 30 L of a 
modified culture solution of the one reported by Lorenzen et al. (2001). The same N 
concentration, 200 µM, was used for both the treatments but the source of N was different: 
(NH4)2SO4 and KNO3 for the NH4+ and NO3- treatment, respectively. The nutrient solution was 
renewed at a 1-week interval, and pH was adjusted to 6.5 by using HCl and NaOH every day. 
During the hydroponics culture, dissolved oxygen (DO) concentration in the culture solution was 
kept lower than 0.02 m mol O2 l-1 by N2-gas bubbling. The mean culture temperature was 22 °C. 
 The experimental period was 30–45 days after the start of the culture. Fresh weights of 
seven plants in each treatment and in each species were measured on the first day of the 
experimental period, and on the last day, these plants were harvested. Besides, to estimate the 
dry weight and the N concentration of these 28 plants on the first day, seven additional plants 
were harvested from the other container in each treatment of each species on the first day. All 46 
harvested plants were gently washed with ion-exchange water and divided into shoot and root. 
After the fresh weight measurement the shoot and root were dried for 48 h at 80 °C for dry 
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weight measurement, and shoot/root (S/R) ratio expressed with dry weight were calculated. In 
the plants harvested on the last day, the total fresh weight measured in the first day were 
converted to the shoot and the root dry weight using the fresh/dry weight ratio and the shoot/root 
ratio of the additional harvested plants on the first day. 
 
3.2.2 Root respiration 
 The detached roots on the last day were served for the measurement of respiration rate.  
Measurements of Z. latifolia grown in the NO3- treatment were not performed because they had 
mostly died until the last day. Respiration rate was determined as a decrease of DO in an airtight 
glass vessel containing the aerated experimental solution that was the same as culture solution 
buffered with 20 mM HEPES at pH 6.5. Depending on the size of the roots, 20–50-ml glass 
vessels were used. The DO concentration in the culture solution was measured with an oxygen 
electrode (HQ40d18; Hach, Co., Loveland, CO, USA). The measurement temperature was 21 °C 
that was the mean value of the culture temperature during the last 15 days. The root samples 
examined were dried after fresh weight measurement and root respiration rate was expressed 
with dry weight basis. 
 In hypoxic soil condition, the oxygen concentration in aerated root cells of 
aerenchymatous plants was kept at > 0.06 mmol O2 l-1 at least (Darwent 1997). Since oxygen 
concentrations in the cells of the detached roots and in the surrounding experimental solution 
equilibrate easily by diffusion (Armstrong & Drew, 2002), the root respiration rate obtained 
when the oxygen concentration in the solution declined from to 0.07 mmol O2 l-1 was used 
simulating the natural hypoxic conditions. Root respiration rates were represented both as those 
per whole root (µmol O2 root-1 d-1) and per unit root dry weight (mmol O2 g-1 root DW d-1). 
 
3.2.3 Total N content  
 Dried samples of shoots and roots were finely milled to determine the N content was 
determined using a CN analyzer (SUMIGRAPH NC-500A; Sumika Analysis Center Co., Tokyo). 
The N content of a plant on the first day was estimated from the converted dry weight as well as 
from the mean N concentration of the additional plants harvested from the same treatment group 
on the first day.  
 
3.2.4 Relative growth rate (RGR) and net N uptake rate (NNUR) 
 The RGR of roots (RGRroot; g g-1 root DW d-1) in 15 days of the experimental period 
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(Δt) was calculated by the following equation (Hunt 1982): 
RGRroot   lnWroott  (1) 
where Wroot is the dry weight of the root on the last day or the first day. The RGR of the shoot 
(RGRshoot) were also obtained from the shoot dry weight by using a similar equation.  
 The NNURs per plant (µmol N plant-1 d-1) and per unit root dry weight (mmol N g-1 
root DW d-1) in experimental period were calculated from the following equation (White 1972): 
NNUR per plant Nt   (2) 
NNUR per unit root weight  Nt 
 lnWroot
Wroot  RGRroot 
N
Wroot   (3) 
 
where N is the total amount of N in the whole-plant on the last day or the first day. 
 
3.2.5 Statistical analyses 
 The data of Z. latifolia grown in NO3- treatments were excluded from all statistical 
analysis because most of those showed anomaly traits due to the dead samples. Differences in 
mean values of each parameter were examined using ANOVA and Scheffe’s multiple comparison 
test. Differences in the continuous changes of the root respiration rate among the species and the 
culture treatments were examined by two-way repeated measures ANOVA along the DO 
concentrations in the experimental solution. Because NNUR per unit root weight depends on the 
root respiration rate, analysis of covariance (ANCOVA) was used to compare the NNUR per unit 
root weight between the two species showing the different respiration rates, by including the root 
respiration rate as a covariate. These analyses were performed with Statistica for Windows 
(Version 5.1; Statsoft, USA.). 
 
 
 
3.3 Results 
3.3.1 Growth and nitrogen nutrition 
 In both species, all growth parameters such as RGRs, dry weights and S/R ratio showed 
obviously higher values for plants grown in the NH4+ treatment than for the NO3- treatment 
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(Table 3.1). In particular, Z. latifolia showed large difference between the N treatments because 
those in the NO3- treatment died mostly during the experimental period. In the NH4+ treatment, 
there was no significant difference between species in the RGRshoot and the shoot dry weight. 
However, the root dry weight and the RGRroot were significantly lower in Z. latifolia, so that 
much higher values in the S/R ratio (and the F-value of its ANOVA) were denoted. In the NO3- 
treatment, although the statistical analysis for Z. latifolia was not made due to the death, the 
growth was much higher in P. austlalis. 
 The NNURs for plants grown in the NH4+ treatment were much higher than those for 
the NO3- treatment in both species (Table 3.2). In the NH4+ treatment, the NNUR per unit root 
weight of Z. latifolia showed remarkably higher than P. australis, whereas the NNUR per plant 
did not differ in both species. In the NO3- treatment, the each NNUR was rather higher in P. 
australis as well as the growth parameters in Table 3.1. 
 
3.3.2 Root respiration rate 
 In Z. latifolia grown in the NO3- treatment, the root respiration measurement failed to 
be made due to the death. In all measurement series, the root respiration rates were decreased 
along the declining DO concentration in the experimental solution (Fig. 3.1). The significant 
difference among those measurement series was shown by the repeated measures ANOVA (Table 
3.3). The respiration rates of Z. latfolia grown in the NH4+ treatment were significantly higher 
than those of P. austlalis grown in both N treatments (P < 0.001). 
 To evaluate the root respiration traits under hypoxic condition, the data of the 
respiration rates when the DO concentration was 0.07 mmol O2 l-1 in Fig. 3.1 were used in the 
further analysis. The root respiration rate per unit root weight under hypoxic condition differed 
significantly between Z. latifolia grown in the NH4+ treatment and P. austlalis grown in the both 
treatments (Table 3.4). In the NH4+ treatments, Z. latifolia was higher than P. australis. However, 
the root respiration rate per whole root under hypoxic condition was much lower in Z. latifolia 
than P. austlalis.   
 
3.3.3 Relationship between root growth, NNUR and root respiration rate 
 When NNUR per plant was divided into the two components, NNUR per unit root 
weight and the root dry weight, the two species showed the contrastive responses to the different 
N sources (Fig. 3.2a). In the NH4+ treatment that provided higher NNUR per plant (Table 3.2), Z. 
latifolia maintained the higher NNUR per unit root weight, while P. austlalis markedly increased 
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roots mass. 
 The root respiration rate per whole root under hypoxic condition was closely 
associated with the variation in the root dry weight through the different species and N sources 
(Fig. 3.2b), that is the traits of the whole-root respiration were characterized by the root growth 
rather than the unit-root respiration. 
 In the NH4+ treatment, there was a positive correlation between the root respiration rate 
and the NNUR per unit root weight within each species and the regression line of Z. latifolia was 
located at a significantly higher position than that of P. austlalis as showin in Fig. 3.3 (P < 0.01, 
ANCOVA). Thus, the NNUR per unit root weight of Z. latifolia was constantly higher where the 
root respiration rates per unit root weight in both species were at a similar level. In the NO3- 
treatment, ANCOVA was not conducted because the correlation was not shown between both 
parameters but the data were plotted in obviously lower positions in the figure than those of the 
NH4+ treatment. 
 
 
 
3.4 Discussion 
3.4.1 Traits per unit root weight 
 In both species, the NNUR per unit root weight of plants grown in the NH4+ treatment 
were much higher than those in the NO3- treatment and the trends were remarkable in Z. latifolia 
(Table 3.2), which indicates that the both species were typical ammonia plants and Z. latifolia 
much more specializes in NH4+ nutrition than P. austlalis. The root respiration rate per unit root 
weight showed the similar trends to the NNUR. Since 50-70% of the total respiratory energy in 
roots is involved in the N nutrition process (Poorter et al. 1991),  the root respiration rate must 
have had similar traits as the NNUR in this study. 
 The higher respiration rate per unit root weight in the NH4+ treatment seems to be 
unfavorable traits for hypoxic tolerance, especially in Z. latifolia depending only on diffusion as 
aeration to the roots. However, the ratio of the NNUR per unit root weight to the root respiration 
rate per unit root weight were higher for plants growing in the NH4+ treatment than that in the 
NO3- treatment and the highest in Z. laltifolia growing in the NH4+ treatment (Fig. 3.3). 
Therefore, NH4+ nutrition would allow to efficient use of the root respiratory energy for the N 
acquisition and consequently contribute to the efficient oxygen consumption in whole roots. 
Such a trait has been recognized generally on the biochemical studies of respiration processes in 
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many terrestrial species (Bloom et al. 1992; Taylor and Bloom 1998; Chapter 2). Although Z. 
latifolia showed the higher respiration rate per unit root weight, its efficient oxygen consumption 
traits must contribute strongly to the efficient N acquisition, compared with P. australis 
possessing the powerful oxygen supplying system. 
 
 
3.4.2 Growth, root respiration and N uptake of both aquatic macrophytes 
 The S/R ratio was much higher in Z. latifolia than in P. australis despite feeding with 
same N source as NH4+. In general, S/R ratio is controlled to compensate the relative shortage of 
resources between above-ground and below-ground parts (Wilson 1989) and thus, sufficient 
nutrition usually decreases root growth and increases S/R ratio (Körner 1994; Farrar 1996). 
Therefore, the high S/R ratio of Z. latifolia in the NH4+ treatment would have been brought by 
the high NNUR per unit root weight. 
 For aquatic macrophytes, high S/R ratio contributes to increasing in aeration to roots 
because the large shoots are able to supply much oxygen to roots through the many stomatal 
tissues (Armstrong and Armstrong 1990) and would simultaneously reduce oxygen consumption 
in roots owing mainly to the root growth and maintenance (Chapter 2). 
 The root respiration rate per whole root of Z. latifolia grown in the NH4+ treatment was 
obviously lower than that of P. australis because the high root respiration rate per unit root 
weight was offset by the small root weight (Table 3.1, Fig. 3.2b). Thus, the high S/R ratio, 
increasing NNURs, would considerably contribute to decreasing in the oxygen consumption of 
whole roots. Therefore, NH4+ use would be strongly needed for Z. latifolia with low aeration 
capacity. In contrast, NO3- use causes lower S/R ratio through decreasing in NNURs and would 
decrease seriously the oxygen availability in roots, especially in aquatic macrophytes with low 
aeration capacity. These processes in NO3- use must have led the death of Z. latifolia grown in 
the NO3- treatment. 
 The NNUR per plant of Z. latifolia in the NH4+ treatment was at the high level similar 
to that of P. australis because the high NNUR per unit root weight compensated the small roots 
with respect to N acquisition (Table 3.1, 3.2, Fig. 3.2a). Its N acquisition strategy with high S/R 
ratio would simultaneously improve oxygen availability for N uptake in roots through the 
suppression of oxygen consumption for the root growth and maintenance. That improvement is 
likely to have fed back as further enhancement of the NNUR, which seems to be substantially 
concerned with the NNUR per unit root weight in Z. latifolia of Fig.3. Therefore, these effective 
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coordination among the NNUR, root respiration rate and S/R ratio (root growth) in Z. latifolia 
would have brought about very efficient oxygen consumption in roots and consequently would 
have enabled robust growth and sufficient N acquisition as aquatic macrophyte adapting to 
hypoxic soils despite low aeration capacity. 
 In P. australis grown in the NH4+ treatment, the low NNUR per unit root weight was 
compensated by root development for maintain high N acquisition, and thus, the NNUR per plant 
showed the same level as Z. latifolia grown in the NH4+ treatment (Table 3.1, 3.2, Fig. 3.2a). 
Alternatively, the root respiration rate per whole root of P. australis was much increased by its 
large roots (Table 3.4). This N acquisition strategy is not efficient for oxygen consumption in 
roots and seems unsuitable for living under the hypoxic condition. However, the powerful 
aeration capacity of P. australis possessing the convective gas flow system would allow to 
employ that strategy depending on the root development even in the hypoxic condition. Those 
mechanisms would enable P. australis to survive in the NO3- treatment that would require its 
roots a considerable amount of oxygen. Besides the well-developed oxygen supplying system 
powered by the convective gas flow significantly increases the root length in hydrophytes 
compared to the length by diffusion alone (Brix 1994) and P. australis is able to use NO3- (Erdei 
et al. 2001; Munzarova et al. 2006). These findings about N acquisition and root oxygen 
consumption may account for the rationale of those empirical patterns in the previous studies. 
 
Strategies of N acquisition in wetland plants with different aeration systems 
 This study indicated that Z. latifolia and P. australis have the contrasting N acquisition 
strategy characterized by high NNURs and rapid root growth, respectively, but both lead to the 
optimum oxygen consumption for the each species possessing quite different aeration capacity. 
These strategies may reasonably explain that shoot growth and plant N acquisition under 
hypoxic condition did not differ between Z. latifolia and P. australis. In natural wetlands, plant 
growth and distribution are regulated primarily by hypoxic stresses (Biemelt et al. 1996; 
Nakamura et al. 2002; Jampeetong and Brix 2009) though coexistence of aquatic macrophytes 
carrying quite different aeration capacity is commonly observed (Grosse 1996; Pavlides 1997), 
besides Z. latifolia and P. australis. This discordance must be caused by the difference in oxygen 
consumption traits of roots and N acquisition strategy as indicated in this study. 
 This study does not always imply that convective gas-flow system could assist strongly 
in N acquisition of aquatic macrophytes growing under hypoxic conditions. However, the 
convective gas-flow system would easily allow to develop roots for relieving N shortage by 
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sufficient oxygen supply even if N uptake activity is substantially down-regulated by NO3- 
nutrition and/or N poor habitats. On the other hand, aquatic macrophytes depending only on the 
diffusion system have the efficient N acquisition mechanism achieved by small roots. However, 
this mechanism would function well only on N rich habitats with abundant NH4+ because their 
low aeration capacity does not allow the root development followed by N shortage under low N 
availability habitats. This explains well the distribution patterns of macrophytes in natural 
vegetation. The convective gas-flow species with very high aeration capacity, P. austrais and 
Typha angustifolia L. are distributed widely in the various habitats, ranging from oligotrophic 
fens (Nakamura et al. 2002) to meso-eutrophic ponds (Hejny and Husak 1978) and from shallow 
oxic to deep anoxic sites in eutrophic waters (e.g. Yamasaki 1984; Weisner and Strand 1996, 
Wheeler and Proctor 2000, Inoue and Tsuchiya 2009). In contrast, the diffusion-alone species, 
such as Z. latifolia, Schoenoplectus tabernaemontani (C.C. Gmel.) Palla, Eichhornia crassipes 
(Martius) Solms-Laubach. and Trapa japonica, tend to appeare in eutrophic and anaerobic 
habitats (e.g. Center 1981; Yamasaki 1984; Kurihara and Ikushima 1991; Greco 2002). 
 In conclusion, oxygen consumption trait in roots of aquatic macrophytes is strongly 
characterized by the strategic behaviors for N acquisition, which consequently leads to a 
compensational relationship with aeration capacity to roots. It is likely that this functional 
linkage plays an important role as a core mechanism in adaptation to hypoxic soils for many 
aquatic macrophytes and helps to interpret ecophysiologically the distribution pattern of aquatic 
macrophytes with respect to the soil N condition and redox property.  
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Table 3.1. Mean and standard error (n = 7) of the relative growth rates of shoot (RGRshoot) and 
root (RGRroot), the dry weights of shoot and root in the last harvest day and the shoot to root 
(S/R) ratio in each species of the both treatment. P-values and F-values were obtained by the 
ANOVA in each row, and means in the same row followed by the same letter do not differ 
significantly according to Scheffe’s multiple-comparison test (P<0.05). 
 
  Phragmites australis Zizania latiforia  
F–value P–value
  NH4+  NO3– NH4+ NO3–   
RGR 
(mg g–1 DW d–1)            
 Shoot 72.6±6.7 a 44.9±6.5 b 92.3±5.1 A -46.0±16.7 †  14.9 < 0.001
 Root 74.1±3.0 a 45.6±3.4 b 50.5±4.1 B -33.6±16.4 †  18.7 < 0.001
Dry weight 
(mg)          
 Shoot 175.3±24.3 a 29.2±7.0 b 187.4±20.9 A 16.2±1.3 †  21.1 < 0.001
 Root 67.9±7.6 a 13.4±2.2 b 24.9±2.8 B 7.6±0.6 †  39.7 < 0.001
S/R ratio 2.7±0.4 b 2.1±0.6 b 7.6±0.3 A 2.2±0.1 †  86.7 < 0.001
 
†: data were excluded from the statistical analysis because most of those showed anomaly 
traits due to the dead samples. 
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Table 3.2. Mean and standard error (n = 7) of net nitrogen uptake rate (NNUR) per unit root 
weight and par plant. P-values and F-values were obtained by the ANOVA in each row, and 
means in the same row followed by the same letter do not differ significantly according to 
Scheffe’s multiple-comparison test (P<0.05). 
 
  Phragmites australis Zizania latiforia 
F–value P–value
  NH4+ NO3– NH4+ NO3–  
NNUR        
 
per unit root weight  
(mmol N g–1 root DW d–1) 1.00±0.13 b 0.38±0.07 c 1.91±0.13 a -0.20±0.06 † 45.9 < 0.001 
 
per plant 
(µmol N plant–1 d–1) 36.6±5.6 a 3.8±1.2 b 35.0±3.9 a -1.8±0.6 † 21.4 < 0.001 
 
†: data were excluded from the statistical analysis because most of those showed anomaly traits 
due to the dead samples. 
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Table 3.3. Two-way repeated measures ANOVA for the differences in the root respiration rate per 
unit root weight along DO concentration in the experimental solution that was shown in Fig 3.1. 
 
Source of variation d.f. F–value P–value
DO concentration 14 114.1 < 0.001
Measurement series 2 9.8 0.003
DO concentration × Measurement series 28 7.3 < 0.001
 
***: P < 0.001. DO: Dissolved oxygen. 
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Table 3.4. Mean and standard error (n = 7) of the root respiration rate per unit root weight and 
per whole root when the DO concentration was 0.07 m mol O2 l-1 in Fig. 3.1. P-values and 
F-values were obtained by the ANOVA in each row, and means in the same row followed by the 
same letter do not differ significantly according to Scheffe’s multiple-comparison test (P < 0.05). 
 
  Phragmites australis Zizania latiforia  
F–value P–value
  NH4+ NO3– NH4+ NO3–  
Root respiration rate        
 
per unit root weight 
(mmol O2 g–1 root DW d–1) 0.94±0.16 b 0.79±0.12 b 1.51±0.16 a –  6.5 0.007 
 
per whole root  
(µmol O2 root–1 d–1) 58.7±6.5 a 9.5±1.4 c 32.7±3.8 b –  30.9 < 0.001
 
-: no data due to the dead samples. 
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Fig. 3.1. Root respiration rate per unit root weight along DO concentration in the 
experimental solution of P. austlalis (triangles) and Z. latifolia (circles). Solid and 
open symbols denote the data of plants grown in the NH4+ and the NO3- 
treatments, respectively. The plots and the error bars in the figure denote the mean 
values and the standard errors of the root respiration rate at each DO 
concentration (n = 7). Different superscripts indicate significant differences 
among the measurement series along the DO concentration (P < 0.05, Scheffe’s 
multiple comparison test as post-hoc comparisons of repeated measures ANOVA 
in Table 3.3). The data of Z. latifolia grown in the NO3- treatment was not shown 
due to the dead samples. 
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Fig. 3.2. Relationship between the root dry weight and the NNUR per unit root 
weight (a) and between the root dry weight and the root respiration rate per whole 
root (b) of P. austlalis (triangles) and Z. latifolia (circles). Solid and open symbols 
denote the data of plants grown in the NH4+ and the NO3- treatments, respectively. 
The root respiration rates at DO concentration of 0.07 mmol O2 l-1 are same as those 
in Fig. 3.1. The data of Z. latifolia grown in the NO3- treatment was not shown due to 
the dead samples. 
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Fig. 3.3. Relationship between the root respiration rate per unit root weight and the net 
nitrogen uptake rate (NNUR) per unit root weight in P. austlalis (triangles) and Z. 
latifolia (circles). Solid and open symbols denote the data of plants grown in the NH4+ 
and the NO3- treatments, respectively. Respiration rates at the DO concentration of 0.07 
mmol O2 l-1 are same as those in Fig. 3.1. The data of Z. latifolia grown in the NO3- 
treatment was not shown due to the dead samples. The equations of linear regressions 
for P. austlalis and Z. latifolia in NH4 treatment are y = 0.667x + 0.372 (R2 = 0.608, P < 
0.05, n = 7) and y = 0.628x + 0.965 (R2 = 0.669, P < 0.05, n = 7), respectively. 
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Chapter 4  
Assimilation capacity of inorganic N of Phragmites australis and Zizania latifolia in reduced 
soils 
 
4.1 Introduction  
 Radial oxygen loss (ROL) from aerencymatous roots to rhizosphere creates a small 
sheet of oxidized substrate around roots in reduced environments (Laan et al. 1989). Possibly, in 
this sheet a nitrifying bacterial population is still active, providing the plant with NO3- in spite of 
hypoxic soils with NH4+ predominantly (Armstrong et al. 1992; Both et al. 1992). Since wetland 
plants with the convective gas flow mechanism have the potential to release more oxygen from 
their roots compared to plant species without convective throw-flow (Brix et al. 1992), NO3- 
availability for wetland plants may vary according to their aeration capacity. Wetland plants 
generally adapt to hypoxic soil condition dominated by NH4+ (Falkengren-Grerup 1995; Wang et 
al. 1993a; Wang et al. 1993b), and thus NH4+ use enables efficient root oxygen consumption 
through the high N uptake activity of roots (Chapter 2 and 3). N uptake activity of roots is 
contributed by affinity transport system on uptake and assimilation ability. On the other 
hand, co-provision of both N sources was shown to enhance growth or N acquisition in many 
plant species in contrast to provision of NH4+ or NO3- alone, e.g., in wheat (Chen et al. 1998) and 
rice (Kronzucker et al. 1999). Thus, the wetland plants with high aeration capacity may have 
apparent capacity to use simultaneously both N sources for high growth in natural habitats. On 
the other hand, plant species with low aeration capacity may depend on only NH4+ use as N 
source. 
 Phragmites australis (Cav.) Trin. ex Steud. and Zizania latifolia (Griseb.) Stapf. are 
aquatic macrophytes that are commonly distributed in the similar habitats in hypoxic soils along 
the fringes of fresh water in eastern Asia and the former has the high aeration capacity by the 
convective gas flow and the latter has the low aeration capacity depending only on the diffusion 
as the aeration system (Yamasaki 1987; Armstrong and Armstrong 1991; Brix 1994). In this 
study, I aimed to confirm (1) whether concentration of NO3- produced by ROL of P. 
australis roots were higher than that of Z. latifolia and (2) whether assimilation capacity 
of inorganic N, i.e., NH4+ and NO3-, differ between both species grown in reduced soils. 
Nitrogen assimilation, i.e., nitrate reductase (NR) and glutamine synthetase (GS) 
activities, were quantified since as one of the indicators of NO3- and NH4+ availability 
(Engelaar et al. 1995; Erdei et al. 2001; Li et al. 2008). 
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4.2 Material and methods 
4.2.1 Plant materials and growth condition 
 Seeds of the P. australis and Z. latifolia were collected from Yubari, Hokkaido in 2003 
and Katsushika, Tokyo in 2007, respectively. The seeds were soaked in water at 3 °C for three 
months before germination. Thereafter, seeds were sown on vermiculite and germinated in the 
dark at approximately 20 °C. Seedlings were cultured for about 1 month in the laboratory under 
light condition with photosynthetic photon flux density of 200 µmol m-2 s-1 and photoperiods of 
10 h. Seedlings with shoot height of about 5 cm were transferred to the rhizobox culture in the 
laboratory on September 20, 2008. Each rhizobox was filled with 1.5 l of soils that were 
collected from Lake Inba-numa, Chiba. The rhizobox was flooded with water to 2 cm depth and 
plants were maintained for 3 months until harvest day. Atmospheric temperature in the room and 
day-length were about 20-28 °C and 8-10 h, respectively, and light intensity reached 1500 µmol 
s-1 m-2 at noon. 
 
4.2.2 Rhizobox design and soil water sampling 
 Ten plastic rhizoboxes for each plant species with soils were prepared for the culture of 
the seedlings. A bag made of a nylon net (32 µm in mesh size) with 75 ml of the soils and a 
planted seeding was submerged in the soils in the plastic rhizoboxes so that its roots but not 
water and nutrients were prevented from penetrating the surrounding bulk soils. The nylon mesh 
was found not to limit the root growth in dry weight in a preliminary experiment. According to 
Shi et al. (2002), I defined soil water in the bag and 2 cm or more outside the bag as root surface 
soils and bulk soils water, respectively. The soil water sample was collected in a rhizobox by a 
porous ceramic cup (3 mm in diameter) connecting a 20 ml vacuum glass vessel. The porous cup 
was placed one week before the water collection to minimize the effect of the disturbance. 
Concentration of NH4+ and NO3- in the soil water sample was measured by an ion 
chromatography (DX-500, Dionex). 
 
4.2.3 Activities of NR and GS of plants  
 Seven plant samples grown in rhizoboxes were analyzed for NR activities as described 
previously (Abd-El Baki et al. 2000) with minor modification. Samples (1g fresh weight) of 
leaves, roots and rhizomes were ground with silicon dioxide and pestle in liquid N2. Four 
millilitres of extraction buffer, comprising 50 mmol l-1 Tris-KOH (pH 8.0), 3 mmol l-1 EDTA, 5 
mmol l-1 DL-dithiothreitol (DTT), plus the protease inhibitors leupeptin (10 µmol l-1), Pefablock 
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(AEBSF) (1 mmol l-1), 1% (w/v) casein, and in addition 1% polyvinylpyrrolidone (PVP) were 
added to the frozen powder and ground continuously until thawing. The homogenate were 
filtered thorough gauze, and then centrifuged for 20 min (4 °C, 16000 g) for extraction. The 
extract (0.2 ml) was then added with 1.4 ml reaction medium (100 mmol l-1 potassium phosphate 
buffer pH 7.5, 20 mmol l-1 KNO3, 0.1 mmol l-1 flavin adenine dinucleotide (FAD), 2 mmol l-1 
NADH) and kept at 30 °C for 15 min. Reactions were terminated after 15 min by the addition of 
0.2 ml zinc acetate solution (0.5 mol l-1) at room temperature. The other extract was taken in the 
reaction buffer without NADH in order to measure the 0 time NO2- concentration in the tissue as 
the control. After a short centrifugation (4 °C, 5 min, 5000 g), 0.16 ml phenazic methosulphate 
(PMS) (0.15 mmol l-1) was added to 1.6 ml of the supernatant to oxidize excess NADH. After 20 
min in the dark, the NO2-formed was measured colorimetrically by adding 1 ml of 1% 
sulphanilamid in HCl (3 mol l-1) and 1ml of 0.02% N-naphtyl-ethylenediamine hydrochloride, 
and then absorption was determined at 546 nm. For each series, blank without supernatant were 
included. The calibration curve was prepared at the final concentrations of NO2- from 0 to 20 
µmol l-1. 
 For GS activity assay, samples of leaves, roots and rhizomes (1g fresh weight) were 
ground and pestle in liquid N. Three ml of extraction buffer, contained Tris-HCl (pH 7.6; 50 m 
mol l-1), EDTA (3 mmol l-1) and MgCl2, (10 mmol l-1) 2-mercaptoethanol (ME) (10 mmol l-1), 
Pefablock (AEBSF) (2 mmol l-1), leupeptin (1 mmol l-1) and in addition 1% 
polyvinylpyrrolidone (PVP) were added to the frozen powder and ground continuously until 
thawing. The homogenate were filtered thorough gauze, and then centrifuged (4 °C, 20 min, 
20000 g) to extract supernatant. Then, 245 µl of the extract was added to a centrifuge tube, 
followed by 100 µl Tricine-KOH (pH 7.6; 1 mol l-1), 100 µl MgSO4 (0.2 mol l-1), 100 µl ATP-Na 
(pH 7.6; 80 mmol l-1), 100 µl NH2OH (pH 7.6; 60 m mol l-1), 100 µl L-Glu (0.8 mol; pH 7.6) 
and 10 µl ME (0.8 mol l-1). After the mixture was incubated at 30 °C for 15 min, the reaction was 
terminated by adding 1ml acidic FeCl3 [trochloroacetic acid (0.2 mol l-1) and FeCl3 (0.37 mol l-1) 
in HCl (0.67 N)]. After a short centrifugation (4 °C, 5 min, 15000 g), the production of γ
-glutamylhydroxamate was measured with a spectrophotometer at 540 nm. One unit of GSA was 
defined as the enzyme catalyzing the formation of 1 µmolγ-glutamylhydroxamate per minute at 
30 °C (Zhang et al. 1997). 
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4.3 Results 
4.3.1 NH4+ and NO3- concentration of soil water 
 Both in P. australis and Z. latifolia, NO3- was not detected in bulk soil water but also in 
root surface soil water (Fig 4.1). The NH4+ concentration was high both in root surface soil and 
bulk soil water and no significant differences were found between the species. 
 
4.3.2 NR and GS activities of shoots, roots and rhizomes 
 There are no significant differences in NR activities of shoots and roots between both 
species (Fig 4.2, t-test P > 0.05; n = 7). Z. latifolia had high GS activities of shoots and rhizomes 
compared with P. australis (t-test P < 0.01) while both species did not differed significantly in 
that of roots (t-test P > 0.05, n = 7). NR activities in shoots and roots were one twentieth or less 
than GS activity in roots for both species when enzyme activity was expressed in a unit, [mol N 
g-1 FW h-1].  
 
 
 
4.4 Discussion 
4.4.1 NO3- availability in reduced soils 
 In this study, NO3- concentration in root surface soils water was quite low (Fig 4.1). A 
little amount of NO3- could be produced around the root surface in spite of a substantial amount 
of ROL or most of NO3- produced in rhizosphere could be uptaked immediately by plant roots. 
The latter is more likely; indeed ROL from roots accelerates microbial nitrification and 
supposedly raises NO3- availability of wetland plants (Wathugala et al. 1987; Hofmann 1990; 
Erdei et al. 2001). However, it is still unknown whether the vigorous microbial nitrification 
increases to reach a substantial concentration of NO3- in rhizosphere or at last in immediate root 
surface water.   
 
4.4.2 Assimilation capacity of NH4+ and NO3- in aquatic macrophytes 
 In general, the cytosolic GS is particularly important for assimilating NH4+ from 
primary and secondary sources. Primary sources of NH4+ include direct NH4+ uptake from the 
soils and the reduction of NO3- and secondary sources consist of amino acid catabolism 
following protein degradation, photorespiratory nitrogen cycling and the production of NH4+ by 
phenylalanine ammonia lyase and asparaginase (Bernard and Habash 2009). In roots, cytosolic 
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GS activity is mainly involved in the assimilation of direct NH4+ or NO3- uptake from soils 
(Tobin and Yamaya 2001). In this study, there were no significant differences in root GS 
activities between both species, while shoot GS activity of Z. latifolia was higher than that of P. 
austlalis (Fig 4.2). Thus, shoots of Z. latifolia may assimilate a large amount of NH4+ in amino 
acid catabolism following protein degradation and/or photorespiratory nitrogen cycling. 
 NR, the primary NO3- reducing enzyme, generally presents in both shoots and roots of 
terrestrial plants though NR activities of shoots were higher than that of roots (Gojon et al. 1994) 
and would be the case for aquatic macrophytes as shown in this study. NR gene family is 
regulated in response to plants nitrogen status and NR activity increases as external NO3- 
concentrations increase (Samuelson et al. 1995). Eridei et al. (2001) did not reported root NR 
activity but did shoot NR activity for P. australis grown in natural stands, from 0.3 to 0.85 µmol 
g-1 FW h-1, similar to that for P. australis grown the rhizobox in this study. Thus, P. australis and 
Z. latifolia will have some ability of NO3- assimilation and assimilate it mainly in shoots. 
However, since both species showed much higher GS activities of roots than NR activities of 
shoots or roots in both species, they must prefer NH4+ as a N source rather than NO3- in reduced 
soils. 
                                       55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
Bulk soil Root surface soil 
NH4+  NO3- NH4+  NO3- 
nd nd
C
on
ce
nt
ra
tio
n 
(μm
ol
 
N
 
Fig. 4.1. Mean and standard error (n = 10) of NH4+ and NO3- concentration 
in root surface soil water and bulk soil water for P australis (solid bar) and 
Z. latifolia (open bar) rhizobox on two days before the harvest.  
† nd: below detection limit. 
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Fig. 4.2. Mean and standard error (n = 7) of NR (a) and GS (b) activity of shoots, rhizomes 
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tissue, significant difference in GS or NR activity between species was determined by t-test. 
*: P < 0.01, ns: no significant difference 
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Chapter 5 
General discussion 
 
5.1 Advantage of NH4+ use on root oxygen consumption in aquatic macrophytes 
 NH4+ use of wetland plants has been evaluated in terms of the mechanism of tolerance 
to NH4+ toxicity (Lee and Stewart 1978; Sasakawa and Yamamoto 1978; Wang et al. 1993a; 
Wang et al. 1993b; Falkengren-Grerup 1995) because NH4+ commonly exists as dominant 
inorganic N in hypoxic soils (Andersen and Hansen 1982) but no studies except for this study 
has focused on the oxygen use which provides energy related by root respiration for nitrogen 
acquisition.  
 For both of Phragmites australis (Cav.) Trin. ex Steud. (Chapter 2 and 3) and Zizania 
latifolia (Griseb.) Stapf. (Chapter 3) NH4+ use increases nitrogen uptake activity in roots (NNUR). 
In P. australis the maximum instantaneous uptake rate (Vmax) of NH4+ was higher than that of 
NO3- (Tylova-Munzarova et al. 2005) though it is unknown in Z. latifolia.  
 NNUR was closely associated with S/R ratio and oxygen consumption in roots. High 
S/R ratio means the well-developed system supplying oxygen to roots. The system consists of 
large robust leafy shoots with a larger area of leaf sheaths and hence of stomatal tissues to 
produce high oxygen flux (Armstrong and Armstrong 1991; Brix et al. 1992). NH4+ use provides 
advantageous forms for plants growing in hypoxic soils. In contrast, the lower S/R ratio at NO3- 
use, the larger root mass and thus larger whole-root respiration will reduce oxygen availability in 
roots.  
 Since the root respiration rate is generally positively correlated with the NNUR (Van 
Der Werf et al. 1988; Poorter et al. 1991; Kurimoto et al. 2004), high NNUR at NH4+ use results 
in high root respiration rate (Chapter 2 and 3). Root respiration also can increase because of 
increased NH4+ assimilation in roots to avoid NH4+ toxicity (Arnozis and Barneix 1989; 
Schortemeyer et al. 1997) and the activation of the alternative pathway that decreases the 
efficiency of energy production per oxygen consumption by the root respiration (Millar et al. 
1998). NH4+ use seems to be disadvantageous in efficient oxygen use. However, it was not true 
in this study because NH4+ use does not require high respiration but does achieve a certain level 
of NNUR compared with NO3- use (Chapter 2 and 3). Thus, NH4+ user consumes efficiently root 
oxygen for N acquisition. In Z. latifolia, the quite low NNUR at NO3- use would have perished 
the root activity (Chapter 3) and thus Z. latifolia will specialize to NH4+ in preference of N 
source, contrasting to P. australis.  
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 Under a high NO3- availability condition, high NR activity was shown in shoots and 
roots of P. australis (Munzarova et al. 2006). This study also showed that P. australis and Z. 
latifolia assimilate NO3- (Chapter 4). Therefore, differences in NNUR must have occurred before 
the assimilation process, e.g., ion uptake at the surface of root cells and ion transport from root 
cells to shoots.  
 
5.2 Nitrogen acquisition strategies for efficient oxygen consumption in roots corresponding 
to aeration capacity  
 The NH4+ use enables P. australis and Z. latifolia high N acquisition and growth 
(Chapter 2 and 3) but the N acquisition strategy differed between two species (Chapter 3). P. 
australis with high aeration capacity by convective gas-flow mechanism acquires a large amount 
of NH4+ by the way of the root development instead of up-regulation in the N uptake activity of 
roots. This N acquisition strategy leads to a large amount of oxygen consumption in roots 
because the root development increases the oxygen demand for root maintenance and ROL in 
roots. However, because the plant species with the convective gas-flow mechanism increases the 
root length that can be powerfully aerated compared to the length by diffusion alone (Brix 1994), 
P. australis would sufficiently satisfy a large amount of oxygen demand at the expensive of the 
root development. It will escape huge demands of root oxygen in spite of its low NNUR even if 
under NO3- use or at a low N availability condition. Therefore, plant species with the N 
acquisition strategy by the way of root development are likely to be distributed widely from 
NO3- rich or oligotrophic soils to NH4+ rich eutrophic soils. This agrees with the several reports 
for emergent plants with high aeration capacity by convective gas-flow mechanism, P. australis 
and Typha angustifolia L., are distributed not only in oligotrophic lakes or shallow water, but 
also in reduced soils of eutrophic lakes (Tornbjerg et al. 1994; Brandle et al. 1996; Inoue and 
Tsuchiya 2009).  
 Z. latifolia of low aeration capacity depending on the diffusive gas-flow mechanism 
acquired a large amount of NH4+ by up-regulating the N uptake activity (NNUR) with poor root 
biomass. Minimizing of root growth would reduce the oxygen demand for root maintenance and 
ROL in roots. Its N acquisition strategy will be effective only in distribution in eutrophic soils 
with a large amount of NH4+. In fact, Z. latifolia (Asaeda and Siong 2008; Li et al. 2010), as well 
as several floating-leaved plants such as Trapa japonica Flerov. and Eichhornia crassipes 
(Mart.) Solms. (Kurihara and Ikusima 1991; Tanner 1996) depending on diffusive gas-flow 
mechanism are found in deep water of eutrophic lakes and has a narrow habitat.  
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5.3 Differences in the N uptake activity of roots of species 
 Plant species sometimes express different N uptake activities (NNUR) even when 
grown with identical N availabilities (Poorter et al. 1991; Reich et al. 1998; Wright and Westoby 
2000; Chapter 3) in this study. NNUR is affected by two physiological factors and one 
morphological factor. One of the physiological factors is the interspecific variations in the leaf N 
concentration and the photosynthetic capacity (Osone and Tateno 2005). The optimal leaf N 
concentration corresponding to the photosynthetic capacity for the plant growth is to maximize 
NNUR. Another physiological factor is the affinity for inorganic N ions which responses strongly 
to change in plant external and internal N concentration (Forde and Clarkson 1999). Plants 
generally display the higher affinity transport systems in the low-fertility environments (Chapin 
1980).  P. australis grown in low N availability (34μM NH4+) show high affinity compared to 
Glyceria maxima (Hartm.) Holmb. (Tylova-Munzarova et al. 2005), which supports that P. 
australis is distributed in low N availability conditions (Brandle et al. 1996). In contrast, Z. 
latifolia having morphology similar to G. maxima, which is distributedin eutrophic, may have a 
low affinity transport system. They significantly differ also in each transport system kinetics with 
correspondence to long-term nutrition status of their habitats (Chapin 1980; Forde and Clarkson 
1999). 
 In the morphological factor, large specific root length, i.e., small root diameter or 
tissue density, generally provides higher N uptake (Nye and Tinker 1977; Ryser 1996). Root 
diameter of P. australis, mostly from 5 mm to 10 mm, is large compared with other wetland 
species such as Juncus acutus L. of 2 mm or less in root diameter (De Baets et al. 2007). Root 
diameter of Z. latifolia was 2 mm or less (Nakamura unpublished), which would partly cause 
higher NNUR than P. australis. 
 
5.4 Prospects for the future studies 
 Hypoxic tolerance of wetland plants should be explained not only aeration system 
development but also the efficient oxygen consumption in roots. In summary P. australis and Z. 
latifolia prefer NH4+ because of the efficient root oxygen consumption (Chapter 2 and 3) and the 
high ability of NH4+ use (Chapter 4) but have different N acquisition strategies corresponding to 
their aeration capacity (Chapter 3).  
 In order to confirm that the development of aeration system is strongly associated with 
the N acquisition strategy, further investigations should be made. Particularly NR activity and 
transport system kinetics should be measured for other many plant species with convective 
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gas-flow. For other plant species relying only on the diffusive gas transport, low physiological 
plasticity for NH4+ uptake should be confirmed. 
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Abstract in Japanese 
 水生植物の還元土壌への適応機構の解明には、これまでに報告が多い根への給気能力
に加え、根の呼吸による酸素消費の評価も必要である。根の呼吸で得られたエネルギー
は主に窒素獲得に使われる。一般に植物はＮＨ４
＋とＮＯ３
−を利用できるが、ＮＨ４
＋毒性
に耐性をもつ水生植物では、ＮＨ４
＋利用が不利にならない可能性がある。また、一般に
窒素を多く獲得するためには根の窒素吸収活性を高めるか、または根を発達させる必要
がある。水生植物にとって根の発達は根の保護に必要な酸素量を増やすことになる。従
って、給気能力の高い種は根の発達が可能だが、給気能力の低い種では根の発達を抑え
窒素吸収活性を高めると予想される。そこで本研究ではまず、ＮＨ４
＋の根の酸素消費に
おける有利性を評価するために、代表的な抽水植物ヨシを用いてＮＨ４
＋とＮＯ３
−処理で
水耕試験を行った(Chapter 2)。次に給気能力の違いに応じた窒素獲得戦略を持つこと
を示すために、給気能力の異なるヨシとマコモを用いて上記と同様の水耕試験および還
元土壌での栽培試験を行った(Chapter 3.4)。 
 両種はともにＮＨ４
＋を利用することで少ない呼吸で有効に窒素を獲得することがで
きた(Chapter 2.3)。また両種はともに還元土壌下でＮＨ４
＋を良く利用できるが(Chapter 
4)、窒素獲得様式は異なった(Chapter 3)。つまり給気能力の高いヨシは窒素吸収活性
を抑えて根を発達させ、給気能力の低いマコモはその逆であった。水生植物は効率的な
根の酸素消費を通じて給気能力に応じた窒素獲得戦略を持つことで還元土壌に適応し
ていることが示唆された。 
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